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Abstract 7 
Inertia friction welding has been used across the aerospace, automotive and power-generation 8 
industries for the fabrication of complex axi-symmetric components for over forty years. The process 9 
sees one axi-symmetric piece held stationary and another piece brought in to contact set to rotate 10 
about its axis of symmetry by a flywheel with the system under an applied load across the joint. 11 
Plasticization at the joint interface through the frictional heating sees the two pieces bond together. 12 
The titanium alloy Ti-6Al-4V has been widely studied for inertia welding applications. A successful 13 
selection of processing parameters (flywheel energy and mass, applied load) allows an inertia welding 14 
process which produces a very high-integrity weld, with a minimal heat-affected zone (HAZ) and 15 
thermo-mechanically affected zone (TMAZ), formed as a narrow band at the interface and extending 16 
away in to the material. The width of this narrow band of heated material is dependent upon the 17 
process parameters used. A series of experimental inertia friction welds were performed using Ti-6Al-18 
4V, and a finite element modelling framework was developed using the FE code Deform in order to 19 
predict the widths of the HAZ and TMAZ at the weld interface. The experimentally observed HAZ 20 
boundaries were correlated with the thermal fields from the FE model, whilst TMAZ boundaries were 21 
correlated with the Von Mises plastic strain fields.  22 
 23 
Introduction 24 
Friction welding techniques are becoming a more wide-spread and popular processing route for 25 
fabrication of complex components across a number of industries, notably aerospace [1], automotive 26 
[2], transportation [3] and power-generation. This is largely due to the concomitant benefits of 27 
microstructural refinement and controlled residual stresses [4] achieved due to the thermal, 28 
mechanical and microstructural evolution at the interface region of the two faying surfaces during a 29 
friction weld, when compared with a more traditional fusion welding technique.  One of the key 30 
features of a typical friction welded processing route is that the interface material is generally not 31 
raised above the solidus temperature. Thus, the process is often referred to as a solid-state joining 32 
method [5].  33 
Although the issue of material melting in inertia friction welding (or just inertia welding) is a 34 
controversial one, it is widely understood that across some friction welding applications using certain 35 
materials, it is possible to observe some small-scale material melting in localized regions and hot-36 
spots [5]. The prevalence for this highly localized melting is exacerbated by a poor selection of process 37 
parameters, leading to an overly energetic friction welding process for the material selected. 38 
Additionally, for some materials used in friction welding processes, interfacial melting can be 39 
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observed [6] for even a successful welding parameter set. However, one of the major reasons for 40 
friction welding being used as a processing route is due to the fact that the interface material is not 41 
heated significantly above the solidus, thus avoiding the production of bulk liquid phase within the 42 
sample, and thus reducing problems associated with liquation or solidification cracking. 43 
Controlling the microstructural evolution of the interface material [7-8] for a range of ‘friction-44 
weldable’ materials is of considerable importance to component manufacturers, as it is precisely the 45 
formed microstructure that dominates the properties of the joint. A method to target a specific 46 
microstructural evolution at specific regions of the material, such as the interface, allows for location-47 
specific-property design, which can aid the component significantly in terms of life-prediction and 48 
strength. Additionally, the significant variation in microstructure from parent material to the interface 49 
material will modify the residual stress across the component weld interface [8]. Thus an 50 
understanding of how the interface region microstructure has changed, away from its original parent 51 
condition, is advantageous.  52 
 53 
Figure 1: Schematic of an inertia weld on a hollow cylinder, showing a macro-scale representation of the banding 54 
of parent, HAZ and TMAZ material. 55 
 56 
The presence of the heat affected zone (HAZ) and the thermo-mechanically affected zone (TMAZ) 57 
across the weld interface within an inertia friction welded joint has been widely considered by 58 
researchers previously. Nessler [9] evidenced that HAZ regions for a titanium alloy inertia weld were 59 
narrow, of typically 3mm or smaller. Similarly Attallah [10] reviewed Ti-6Al-4V HAZ regions from an 60 
inertia weld, and demonstrated further evidence from the literature [11] of Widmanstatten α (or 61 
transformed β grains) at the interface, through the combination of heating rates and strains 62 
experienced.  63 
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Baeslak [12] studied the inertia welding of a less common titanium alloy, and classified the weld 64 
interface region in to an inner heat and deformation zone (Inner-HDZ), 25μm wide with dynamically 65 
recrystallized fine β grains, and an outer heat and deformation zone (Outer-HDZ), 500μm wide 66 
containing transformed β with α clusters. In addition to these, a different titanium alloy, Ti-6Al-2Sn-4-67 
Zr-2Mo was evidenced to contain a refined lamellar α structure present in the HAZ [13]. Whilst Pardhi 68 
[14] noted that the HAZ for a titanium alloy Ti-6Al-2Sn-4Zr-6Mo contained needle like martensitic α in 69 
between a fine equiaxed β grain structure. Finally, Yates [15] commented on the microstructural 70 
properties of the HAZ in a titanium inertia weld, such that the weld region is actually improved in 71 
terms of its susceptibility for tensile failure or low-cycle fatigue problems, compared to the parent 72 
material.  73 
A typical inertia welded sample is understood to be subjected to severe thermal and mechanical 74 
loadings during processing. The material, if viewed as a cross section perpendicular to the mating 75 
interface, can be split in to a number of distinct regions based upon the local microstructure [5,7,16]. 76 
In these titanium alloy welds, parent material is referred to as material which has never exceeded the 77 
β-transus temperature, and has as such remained in its original microstructural condition. Heat-78 
affected zone (HAZ) material is material which has exceeded the β-transus temperature for 79 
sufficiently long enough for the material to undergo the allotropic transformation. Given the rapid 80 
nature of a friction weld process, further understanding of time required above the β-transus 81 
temperature for the allotropic transformation to fully occur is required. The HAZ region is commonly 82 
thought of as being made up of several sub-regions [5], namely the un-deformed heated region, the 83 
fully plasticized region and the partially plasticized / partly deformed region [5]. The thermo-84 
mechanically-affected zone (TMAZ), for the purpose of this work, is considered to be the combined 85 
“fully-plasticized” and “partially plasticized” regions. This is the narrow band of material, in-between 86 
the regions of un-deformed HAZ, which has experienced elevated temperatures and the severe shear 87 
deformation caused by the relative rotating motion of one side of the weld geometry in relation to 88 
the other side – see Figure 1.  89 
Numerical modelling of the friction welding processes for titanium alloys, as well as other aerospace 90 
materials, has largely focused upon accurate predictions of more macro-scale outputs including 91 
upsetting rate, full specimen thermal profiles from room temperature up to the peak temperature, 92 
and the formation of flash. Whilst these are important macro-scale outputs, they perhaps neglect the 93 
finer intricacies of correctly predicting features such as HAZ zone, and TMAZ zone. As such, the 94 
intention of this modelling framework is to interrogate a macro-scale modelling approach developed 95 
by the authors previously [15] to assess how accurately it can predict HAZ and TMAZ zone widths, 96 
through simplistic FE thermal and mechanical fields alone - thus by-passing the need for 97 
computationally expensive metallurgical user-subroutines - to understand whether this approach is 98 
feasible and can reasonably predict HAZ and TMAZ width behavior.  99 
Thus, this work will characterize a range of IFW samples in order to quantify the relationship between 100 
the processing parameters and the size of the HAZ and TMAZ. In addition, detailed microstructural 101 
characterization close to the HAZ and parent material interface has specifically considered the impact 102 
that rapid heating and cooling rates had upon the transformation of the α (hcp) phase for material 103 
that may have only remained above the β-transus temperature for a very short period of time. 104 
 105 
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Experimental Procedure 106 
Inertia weld experiments were performed at the Manufacturing Technology Centre (MTC) using a 125 107 
tonne state-of-the-art MTI inertia friction welding machine [17], using hollow cylindrical coupons of 108 
Ti-6Al-4V measuring 86mm in length, 80mm outer diameter and 40mm inner diameter. A series of 109 
welds were performed using process parameters as according to Table 1. Once the welding trials 110 
were completed, samples of material across the weld interface were sectioned from the cylinders, 111 
and metallographic analysis was performed according to the standard procedures [18] and etched 112 
with 0.5% Hydrofluoric acid (HF). Further, these samples were characterized by using Light Optical 113 
Microscopy (LOM) with a ZEISS Axioskop2 MAT microscope facility available at University of 114 
Birmingham. Additionally the metallographic samples were analyzed using a JEOL 7000F Scanning 115 
Electron microscope (SEM), part of the SEM facilities at the University of Birmingham, for the higher 116 
magnification microstructure  analysis. Lastly, micro-indentation hardness testing using a Struers 117 
Emco-test DuraScan hardness testing machine was performed, to accurately measure the HAZ region. 118 
The indenting tool used had a head diameter of approximately 25 μm. Given that spacing in between 119 
successive measurements should be approximately double the indent, thus accuracy in HAZ width 120 
measurements are likely to be of the order of +/- 100 μm. 121 
In order to better understand the microstructural evolution of Inertia welded Ti-6Al-4V interface, the 122 
influence of forging pressure and the influence of initial rotation speed on the interface 123 
microstructure of the Ti-6Al-4V cylinders were studied. The typical as-received microstructure of the 124 
base / parent material was captured. As shown in Figure 2, typically a Ti-6Al-4V alloy in its as-received 125 
condition before any Inertia weld processing has a microstructure with elongated primary alpha (α) 126 
phase distributed in the matrix of transformed beta (β) phase. 127 
Some measurement terminology must be established now that the terms of “Heat-affected zone” and 128 
“thermo-mechanically affected zone” for these Ti-6Al-4V inertia welds are to be quantified as widths. 129 
The bandings of material left after an inertia weld sees the thermo-mechanically affected zone 130 
sandwiched between two bands of heat-affected zone, which is in turn sandwiched between the 131 
parent material. Thus, the thermo-mechanically affected zone width is characterized as the width of 132 
the band of material undergoing heating and mechanical shearing – namely the width of the fully and 133 
partially plasticized regions [5]. The heat-affected zone width is to be defined as the full width of the 134 
material from HAZ/parent interface on one side of the weld to HAZ/parent interface on the other side 135 
which has seen the solid state transformation occur – ie: the sum of the fully and partially plasticized 136 
and the un-deformed heated affected regions. 137 
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                           138 
Figure 2: Elongated α grain in a transformed β matrix at x50 magnification 139 
Table 1: Process parameters used in IFW FE modelling and experimental trials. 140 
Weld 
No. 
Inertia value  
(kgm2) 
Initial rotation 
speed (rad/s) 
Pressure 
(MPa) 
Total Energy  
½Iω2 (kJ) 
Resulting 
Experimental 
Upset (mm) 
1 18.6 185 100 637 14.1 
2 18.6 185 80 637 13.1 
      
3 18.6 115 40 246 2.3 
4 18.6 105 40 205 1.6 
5 18.6 96 40 171 1.1 
 141 
Finite Element Methodology 142 
Finite element (FE) modelling of the inertia welding process has been well-established within the 143 
literature [16, 19-22] as a successful tool for process prediction. A typical modelling strategy has been 144 
to consider the process occurring between two distinct two-dimensional objects representing the wall 145 
cross-section, with a relative rotational motion between the two parts (and an associated frictional 146 
condition between the two) throughout the duration of the process. This assumption is clearly a 147 
simplification of the real-world physical phenomena at the interface, as it is known that at some point 148 
during the process the interface must cease to act as a distinct boundary between two separate 149 
objects, and become a highly deforming region of a single object. However the above assumption has 150 
been demonstrated to produce sensible results across a number of different materials, with 151 
modelling activities performed by a selection of papers [16, 19-24].  152 
A finite element modelling approach was constructed by the authors using the FE software DEFORM 153 
v11.1, as presented previously in the literature [22-23]. The model was defined with careful 154 
consideration of other inertia friction weld FE modelling work [19-21, 24]. A material file to represent 155 
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the thermal and mechanical behavior of the titanium alloy Ti-6Al-4V was constructed, consisting of 156 
temperature dependent tabular data sets for thermal conductivity, specific heat capacity, density, 157 
Young’s Modulus, Poisson ratio and thermal expansion, with data available from room temperature 158 
up to 2000 °C. Additionally, the material data set for this titanium alloy included tabulated flow stress 159 
curves ranging from room temperature to 1600°C and strain rates from 10-3 s-`1 up to 103 s-`1 was 160 
specified, based on data from the thermo-mechanical materials properties database JMatPro 161 
software [25]. This would allow the thermo-physical and thermo-mechanical response of the 162 
workpiece within the model as it undergoes the relevant thermal and mechanical fields to respond as 163 
accurately as possible to represent the titanium alloy of interest.  164 
The generation of frictional heating at the interface between the two distinct workpieces was 165 
incorporated in to the FE model by the use of boundary conditions. Boundary conditions applied 166 
related the FE model to both the thermal and mechanical restraints of the real process. Thermally, 167 
the surrounding environment was set to room temperature, and a convective heat transfer 168 
coefficient of 20 Wm-2K-1 employed. Radiative losses were assumed to be negligible, and thus ignored. 169 
Although this is clearly a simplification given the glowing of the titanium alloy when heated, this 170 
happens for such a short period of time that is it believed to be appropriate to be neglected. 171 
Mechanically, the upper and lower workpieces were fixed with a fully sticking condition against their 172 
respective forging and flywheel tooling components, such that one piece was held stationary and the 173 
other forced to rotate with the same angular velocity as the flywheel, as per the experiment. The 174 
relative rotational speed experienced at the workpiece interface was then simulated using a shear 175 
friction condition, with a value of f dependent upon temperature, as specified in Equation 1.  176 
𝑓𝑓 = 𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇)− 𝑏𝑏  for 100°C < T < 1400 °C ………(Eq. 1) 177 
Where a and b are material dependent parameters to be determined. Further details of the frictional 178 
condition, and the finite element model in general, are given in [15]. 179 
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                     180 
Figure 3: An example of the FE modelling set-up for the IFW modelling in Deform v11.0. 181 
 182 
The model assumes a constant applied load throughout the process, and within the input deck the 183 
user specifies i) this applied load, ii) the inertia of the flywheel used, and iii) the total energy available 184 
to the process, as the three key process parameters specified to define the weld process. Finally, an 185 
air cooling period of over 500 seconds was applied to allow the workpieces to return to ambient 186 
temperatures.  187 
A graded mesh (with elements measuring 0.2mm at the weld interface) was used to capture detailed 188 
thermal and mechanical gradients at the interface – see Figure 3. This was established with target 189 
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windows drawn at specific locations to force mesh refinement. The model simulated the real physical 190 
boundary conditions where the two workpieces were in contact with tooling and grips.  191 
The software was required to perform re-meshing for when the distortions to the elements, caused 192 
by the shearing and flash formation, became so severe that the calculation was no longer stable [22]. 193 
The Deform software [26] has an excellent automatic re-meshing tool, such that this can largely be 194 
monitored and re-meshed by the FE software alone, with little user input once the model is set 195 
correctly. The use of a dummy mesh-tied die allows the refined mesh windows to move at the correct 196 
velocity (half the axial upset rate, given that axial upset is even above and below the interface), and 197 
the software triggers a re-meshing step within the refined mesh window once a mesh interference 198 
depth (element impingement) reaches 0.1 mm, or up to a maximum time of 0.1 s after the onset of 199 
axial upset and deformation. 200 
The model was created such that as a first-order approximation, i) the thermal cycles alone can be 201 
interrogated to determine the material that will be considered to have undergone the solid-state 202 
phase transformation and as such form the HAZ, and ii) the plastic strain field alone can be 203 
interrogated to give a reasonable estimate of the fully and partially plasticized material [5] of the 204 
TMAZ. The definition of the material within the model which is classified as HAZ material is anything 205 
that has experienced a thermal cycle of greater than 1256 K (983 °C). Note that no minimum time 206 
held at temperature was required, thus this may provide some uncertainty in to the predictions. The 207 
definition of the material in the model which is classified as TMAZ is anything which, additionally to 208 
exceeding 1256 K (983 °C) has also experienced a plastic strain of 0.05 or greater. 209 
 210 
Results and Discussion 211 
The finite element modelling thermal and mechanical outputs were interrogated to determine the 212 
predicted widths of the band of material that was; i) understood to exceed the β-transus 213 
temperature, and which was ii) predicted to experience a significant plastic strain. These fields were 214 
calculated by plotting the fields of temperature and von Mises plastic strain perpendicular to the weld 215 
line. For a fair comparison, the profile for each plastic strain field and thermal field from FE model, 216 
and the corresponding weld section analysis, was taken from the center line of the cylinder wall-217 
thickness, when the cross-section of the wall was analyzed. The FE predictions were critically 218 
compared to experimentally measured optical microscopy results (see Figure 4) to assess the FE 219 
modelling accuracy.  220 
As a further method of modelling validation, the volumetric shape of the flash predicted by the FE 221 
model can be compared to the real flash formation. This validation exercise would provide further 222 
evidence that the finite element model, although whilst making certain stated assumptions and 223 
simplifications to the true process, is still capable of capturing the fundamental materials and thermo-224 
mechanical behavior. The resulting flash formation for Weld 1 is presented in Figure 5. It is 225 
demonstrated that the finite element modelling framework, with the associated boundary conditions, 226 
frictional condition, material definition and modelling parameters (time-stepping, mesh density) used 227 
can predict with some accuracy the formation of the flash material, in terms of its shape and 228 
appearance.  229 
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 230 
Figure 4: Optical microscopy illustrating the parent, HAZ and TMAZ zones measured from a) weld 2, b) weld 3, c) 231 
weld 4, d) weld 5. 232 
 233 
Figure 5: Comparison of macro-scale flash appearance within the model and the real process. 234 
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HAZ predictions 235 
HAZ width FE predictions for the five welds were critically compared with their experimental 236 
counterparts. An example of the thermal profile generated by FE modelling for one of the welds is 237 
presented in Figure 6. For the higher energy, higher pressure welds 1 and 2 the FE model predicted 238 
the HAZ width (based upon thermal fields alone) with reasonable accuracy, within approximately 15% 239 
of the measured HAZ width, shown in Table 2. However, the HAZ width in low pressure welds was not 240 
captured as well by the “thermal field”-only prediction. Whilst the model for weld 3 substantially 241 
over-predicted the HAZ width, the models for welds 4 and 5 substantially under-predicted.  242 
 243 
Figure 6: FE Predicted thermal profile for a weld model. The scale indicates temperatures from RT up to 1833 K 244 
(1560 °C). Note that the green-to-yellow boundary indicates the β-transus temperature 245 
 246 
Table 2: Heat-affected Zone results from FE model and weld experiment sectioning 247 
Weld 
No. 
FE predicted peak 
weld line 
temperature  
K    (°C) 
FE predicted 
HAZ width 
(per “band”) 
(mm) 
Experimentally 
measured HAZ 
width 
(mm) 
Rotational speed 
at max HAZ width  
(rad/s) 
% of energy used in 
flywheel at max. HAZ 
width 
1 1708  (1435) 2.4 2.05 65.5 87% 
2 1688  (1415) 2.7 2.22 76 83% 
      
3 1481  (1208) 1.8 2.51 43.5 79% 
4 1408  (1135) 1.4 2.49 33.5 90% 
5 1383  (1110) 1.0  2.32 30.25 93% 
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The effect that the individual parameters has on HAZ width, and thermal profile in general, is 248 
relatively minor for the welding process parameters considered in this work. Figure 7a shows the 249 
thermal profile for Weld 1 and 2, thus identifying that the influence that an 80MPa to 100MPa 250 
pressure has upon the profile is minor. Figure 7b shows a more substantial variation in thermal profile 251 
for a similar percentage change in the initial rotational speed. This is rationalized by the fact that the 252 
total energy available for the process varies with the rotational speed squared.  253 
 254 
255 
Figure 7: Predicted thermal profiles for one half of the weld, at steady-state section of welding time, for FE 256 
models varying; a) the applied pressure and b) the initial rotational speed during the IFW process 257 
 258 
The maximum width of the band of material which has been transformed above the β-transus 259 
temperature was predicted to occur before the completion of the rotational motion, for every weld. 260 
Although difficult to experimentally corroborate these findings, this hypothesis can be rationalized 261 
due to the constantly decreasing rate of rotational motion in an Inertia weld process. At some instant, 262 
it can be rationalized that the rate of heat energy being inputted through frictional effects at the 263 
interface must fall below the rate at which heat energy is being dissipated via conduction, convection 264 
and radiation.  265 
The rotational speed of the rotating workpiece, at the instant that maximum width of β-transus 266 
exceeding material was noted for each of the models is given in Table 2. Also given is the percentage 267 
of the available energy used to reach maximum HAZ width. For the higher energy, high pressure 268 
welds 1 and 2, an estimated 87% and 83% of the available energy respectively was dissipated in to the 269 
weld at the time the maximum HAZ band was predicted. As the applied pressure is increased, so the 270 
maximum HAZ width is predicted to occur closer to the end of the inertia weld process. Thus the 271 
results suggest a very small sensitivity of the time through the Inertia weld process that the HAZ is 272 
fully formed to the applied pressure. 273 
For the lower energy, low pressure (40MPa) welds 3 to 5, the maximum width of the HAZ band of 274 
material is predicted to occur at a similar stage through the welding process. For the lowest energy 275 
weld 3, this is predicted to occur after 79% of energy is dissipated, 89% for weld 4 and 93% for weld 5. 276 
Clearly the model is predicting a much more sensitive response of time through Inertia welding to 277 
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fully form the HAZ to the initial rotational speed, compared to the sensitivity to the pressure, 278 
primarily because the total energy is calculated using this initial rotation speed.  279 
 280 
TMAZ predictions 281 
The FE model was interrogated for the plastic strain field at the localized bond line region. A simplistic 282 
approach was adopted whereby the Von Mises plastic strain fields were plotted perpendicular to the 283 
weld interface. Figure 8 illustrates an example of a plastic strain field FE prediction over the 284 
workpiece. The Von Mises formulation of plastic strain was selected as this was considered the best 285 
modelling output to reflect the true effective strain observed by different locations within the three-286 
dimensional component across the three principal axes of the polar co-ordinate geometry, namely 287 
the radial (r), vertical (z) and rotational (θ) axes. 288 
 289 
Figure 8: FE predicted Von Mises plastic strain field for an IFW weld model. 290 
 291 
The FE prediction has been interrogated to attempt to quantify the fully and partially plasticized zones 292 
of an inertia weld, as described by Maalekian [5]. Although the magnitude of plastic strain within the 293 
fully and partially plasticized regions is somewhat sensitive to the process parameters, an 294 
approximation based upon the FE predictions would suggest that a Von Mises plastic strain of 295 
between 0.05 – 1.0 would describe the partially plasticized band of material, whereas a Von Mises 296 
plastic strain above approximately 1.0 indicates a fully plasticized band of material.  297 
  298 
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Table 3: Thermo-mechanically affected zone results from FE model and weld experiment sectioning 299 
TMAZ width 
Weld 
No. 
FE predicted peak weld line 
plastic strain     
(-) 
FE predicted  
(mm) 
Experimental 
measured 
(mm) 
1 5.9 1.25 1.202 
2 5.6 1.35 1.091 
    
3 0.9 1.5 1.547 
4 0.52 1.0 1.306 
5 0.28 0.6 1.347 
 300 
As the Von Mises plastic strain predicted perpendicular to the weld line has an uncertainty associated 301 
with it, it was decided to truncate the plastic strain and consider it to have fallen back to the parent 302 
material property when the Von Mises plastic strain value fell below an absolute plastic strain value of 303 
0.05, whichever were greater. Thus, predicted TMAZ trends shown in Table 3 are quoted as the 304 
plastic strain region which exceeds 0.05. For welds 1 and 2, the trend displayed by the FE model with 305 
this relatively simplistic approach suggests reasonable agreement with experiment. Figure 9a shows 306 
minimal plastic strain variation over the majority of the interface for an 80MPa and a 100MPa weld, 307 
although in the closest 0.5mm either side of the weld line there is noticeably a higher plastic strain for 308 
the higher applied pressure.  309 
For welds 3-5, which varied the initial rotational speed, the FE model plastic strain field alone  upon 310 
analysis gives a reasonable TMAZ width prediction for the 115 rad/s weld 3, although the model 311 
rapidly quickly becomes worse at predicting the TMAZ width as the initial speed decreases. Weld 5, 312 
with 96 rad/s initial speed, when critically compared to experiment only predicts the TMAZ width with 313 
an estimated accuracy of 50%. The effect of the varying initial rotational speed on the plastic strain 314 
field is considered for FE model predictions in Figure 9b. This again shows substantial variations in 315 
plastic strain distribution over a 2.5mm band either side of the weld line. This is likely due to the fact 316 
that available energy scales with the rotation speed, 𝜔𝜔2, and the total energy has to be the driving 317 
force behind plastic deformation.  318 
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319 
Figure 9: Predicted Von Mises plastic strain profiles for one half of the weld, at steady-state during welding time, 320 
for various FE models; a) varying the applied pressure and b) varying the initial rotational velocity during the IFW 321 
process. 322 
 323 
Notably the FE model consistently under-predicted the TMAZ width for the low-energy welds 3-5. 324 
These welds observe minimal flash formation experimentally, and the flash formed may largely be 325 
due to asperity removal rather than steady-state burn-off. Hence it becomes clear from the 326 
formulation of an FE model, with perfectly flat faying surfaces, why such a model might struggle to 327 
capture the intricacy of the process for low-energy welds where the experimentally observed 328 
deformation and plastic strain is small and not necessarily formed by the process mechanism that the 329 
model is tailored to simulate.  330 
The predictions of HAZ and TMAZ for welds based upon FE predicted thermal and plastic strain fields 331 
alone appear reasonable, assuming the weld isn’t very low energy. However, it is well understood that 332 
the metallurgical phenomena dictating the HAZ and TMAZ regions are far more complex than this 333 
simplistic snap-shot, and depend not only on peak temperatures or plastic strains but upon heating 334 
and cooling rates, shear zones, dislocation densities and dislocation pile-up, which in turn dictate the 335 
grain size and grain boundaries. However, the simplicity of a purely thermal-only or purely plastic 336 
strain-only field in the case of an inertia weld, particularly for the small sample size used in these 337 
welds and models with an outer diameter of 80mm and a wall-thickness of 20mm, is hypothesized to 338 
be able to reasonably predict the HAZ and TMAZ zones due to the speed at which the process occurs. 339 
With the welding process occurring within typically 3-4 seconds, and the subsequent air cooling 340 
meaning that the weld region falls to well below the β-transus temperature within this short 4-second 341 
process window, the rapidity of an inertia friction weld actually restrict the metallurgical process 342 
phenomena given that they are ‘time-at-temperature’ dependent.  343 
 344 
Impact of processing conditions on phase transformation 345 
Within an IFW process the time that the material is held at elevated temperature is very short. The 346 
processing conditions, including the pressure and experienced heating and subsequent cooling rates 347 
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have a significant impact upon the solid-state phase transformation of the hexagonally-close packed α 348 
phase structure transforming to the body-centered cubic β phase structure in titanium alloys [27].   349 
The effect of pressure on the solid state phase transformation can be estimated using the Clausius-350 
Clapeyron relation, namely: 351 
                                                        𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝐿𝐿
𝑑𝑑∆𝑣𝑣
     Equation 2 352 
whereby P is the Applied pressure, T the temperature, L the latent heat and ∆𝑣𝑣 the specific 353 
volumetric change. The specific volumetric change associated with the phase transformation is 354 
accordingly the difference between the specific volumes of α phase and β phase, approximately 5.5 x 355 
10-6 m3. This allows for a calculated change in temperature of the β-transus, for a pressure of 356 
100MPa, and a latent heat of Ti-6Al-4V of 678 x 103 Jkg-1 [28], and an assumed initial β-transus 357 
temperature of 1256 K (983°C), resulting in ∆T = 1.65 K. Thus, the Clausius-Clapeyron relation has 358 
demonstrated that for the pressure considered by the processing, the shift in β-transus temperature 359 
is negligible.  360 
Whereas, the effect of cooling rate upon the effective β-transus is understood to be much greater. It 361 
is hypothesized that there will be locations inside the HAZ of the IFW sample, which have exceed the 362 
β-transus temperature but for an insufficient time for the transformed β phase structure to form. 363 
Therefore the microstructure within the TMAZ and the HAZ requires further analysis at a smaller 364 
length scale than can be achieved with optical microscopy. 365 
Figure 10 illustrates SEM images of the microstructure observed at five specific locations within weld 366 
1, namely at locations; a) within the parent material, b and c) at different locations within the region 367 
that has been heated to exceed the β-transus but held for a short period such that the phase 368 
transformation is only partially undergone (HAZ-like features), d) inside the HAZ, and e) inside the 369 
TMAZ. The parent microstructure at location (a) illustrates the familiar globular α phase and a fine 370 
lath structure of interlayered α and β laths. The image shown in (b) is from a location that has 371 
exceeded the β-transus for the Ti-6al-4V alloy, however the heating and cooling process has occurred 372 
so fast, and the material exceeded the β-transus temperature for a fraction of a second. Thus the 373 
phase transformation has not fully occurred. The image displays the “ghost” microstructure that is 374 
observed in rapid heating and cooling rate processes. Therefore the α phase is has not been able to 375 
fully transform, and the needle-like structure of an α-β alloy is observed, although with retained α 376 
phase present as a dissolute phase.  377 
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 378 
Figure 10: SEM analysis of weld 1 at locations a) within parent material, b) & c) within material that exceeds β-379 
transus for a short time such that the transformation is incomplete, d) within the HAZ and e) within the TMAZ. 380 
 381 
Location (c) illustrates the material at another location which has exceeded the β-transus 382 
temperature for the alloy, and for a little longer than location (b), but still not enough to allow the full 383 
allotropic transformation. The same “ghost” microstructure as (b) is observed with the dissolute 384 
retained α phase, except here there is evidence of the β phase beginning to recrystallize as well. Thus 385 
it becomes apparent that during the allotropic phase transformation, the dissolution of the α phase is 386 
the first crystallographic feature to change, followed by the β-phase recrystallization.  387 
Location (d) illustrates a more typical heated Ti-6Al-4V microstructure, forming the familiar lath 388 
structure of α phase interweaved with the β phase, enriched with the β-phase stabilizing vanadium. 389 
This structure is referred to commonly as hexagonal α’-type titanium martensite [27].  Comparing 390 
location (d) to locations (c) and (b) highlights the impact on the allotropic transformation that heating 391 
and cooling rates can have, and thus illustrates the not-insignificant shift towards hotter 392 
temperatures in the “effective” or “observed” β-transus. 393 
Location (e) considers material that has been held at temperature above the β-transus for long 394 
enough for the phase transformation to fully occur, plus it has additionally undergone a mechanically-395 
induced deformation caused by the shearing motion at the interface. Therefore these regions can be 396 
identified by the alignment of the grains with the interface, as during the IFW process the grains have 397 
been sheared by the interfacial frictional forces.  398 
Finally, when performing a microstructural analysis within the HAZ and TMAZ regions of an inertia 399 
weld, one must consider the physical conditions of the sample during the processing route, and the 400 
impact that these conditions have upon the microstructure observed within the specimen. The flow 401 
stresses of the mixed phase solid and liquid states [29] and of separate α and β-phases [30] of the 402 
titanium alloy have been studied and experimentally tested for their flow characteristics and 403 
behavior. It is reported [30] that the β-phase material, at temperatures just below the β-transus for 404 
the alloy Ti-6Al-4V, is considerably softer than the α-phase material. Work by Mulyadi et al [30] 405 
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suggests a flow stress at a rate of 0.3s-1 of approximately 60MPa for the soft β-phase, and 160MPa for 406 
the α-phase. Whilst the measurements suggest that the α-phase is softening more rapidly with 407 
increasing temperature than the β-phase, it is probable that even at higher temperatures including 408 
the weld line temperatures in an inertia weld, the β-phase remains substantially easier to deform 409 
under load. For the inertia welds in this work with high applied pressure, the softer β material is likely 410 
to be easily ejected out of the weld zone and in to the flash material - simply by the higher applied 411 
load compressing the heated material. Thus, the microstructure remaining within the weld line and at 412 
locations close to edge of the inertia weld specimen may not be representative of the microstructure 413 
of the heated material at the central regions of the inertia weld, as it is likely to be depleted of the 414 
softer, easier to extrude β-phase. Additionally, this region of material where β-phase has likely been 415 
ejected faster than the α-phase may display different strain and shearing bands because this softer β-416 
phase material is able to escape the compressive loading of the weld through ejection in to the flash. 417 
These two-phase microstructural complexities have not been included within the current modelling 418 
framework.  419 
 420 
Conclusions 421 
A fully coupled thermo-mechanical finite element modelling strategy was developed to predict the 422 
thermal and mechanical loading occurring close to the interface region of a titanium alloy inertia 423 
friction weld joint. In order to validate the FE model, experimental measurements of the HAZ and the 424 
TMAZ were made. The following conclusions can be drawn: 425 
• The FE model predicts the width of the HAZ material using this simplistic thermal-only 426 
consideration with an error of approximately 15%, for welds 1 and 2, with higher total energy 427 
input. However, for welds 3-5 with lower total energies, the error of prediction exceeds 50% 428 
in worst cases. Errors are likely due to small metallurgical influences that a thermal-only 429 
prediction neglects to consider. 430 
• The FE model predicts the width of the TMAZ material using this simplistic plastic strain-only 431 
consideration with an average error of approximately 13%, for welds 1 and 2, Welds 3 and 4 432 
also have reasonable errors of 15% or smaller, but weld 5 – the lowest energy weld, again has 433 
a considerable error. Errors are likely due to small metallurgical influences that a strain-only 434 
prediction neglects to consider. 435 
• The plastic strain FE predicted field has been used to hypothesize that the fully-plasticized 436 
material described by Maalekian in the literature has a plastic strain component exceeding 437 
1.0, whereas the partially plasticized material has a plastic strain of between 0.05 and 1.0.  438 
• The solid-state transformation temperature within Inertia welds is impacted only minimally by 439 
the pressures considered within the process, but evidence suggests it is impacted significantly 440 
by the heating and cooling rates experienced.  441 
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List of Figure Captions 485 
Figure 1: Schematic of an inertia weld on a hollow cylinder, showing a macro-scale representation of the banding of parent, 486 
HAZ and TMAZ material. 487 
Figure 2: Elongated α grain in a transformed β matrix at x50 magnification 488 
Figure 3: An example of the FE modelling set-up for the IFW modelling in Deform v11.0. 489 
Figure 4: Optical microscopy illustrating the parent, HAZ and TMAZ zones measured from a) weld 2, b) weld 3, c) weld 4, d) 490 
weld 5. 491 
Figure 5: Comparison of macro-scale flash appearance within the model and the real process. 492 
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Figure 6: FE Predicted thermal profile for a weld model. The scale indicates temperatures from RT up to 1833 K (1560 °C). 493 
Note that the green-to-yellow boundary indicates the β-transus temperature 494 
Figure 7: Predicted thermal profiles for one half of the weld, at steady-state section of welding time, for FE models varying; 495 
a) the applied pressure and b) the initial rotational speed during the IFW process 496 
Figure 8: FE predicted Von Mises plastic strain field for an IFW weld model. 497 
Figure 9: Predicted Von Mises plastic strain profiles for one half of the weld, at steady-state section of welding time, for FE 498 
models; a) varying the applied pressure and b) varying the initial rotational velocity during the IFW process. 499 
Figure 10: SEM analysis of weld 1 at locations a) within parent material, b) & c) within material that exceeds β-transus for a 500 
short time such that the transformation is incomplete, d) within the HAZ and e) within the TMAZ. 501 
 502 
List of Table captions 503 
Table 1: Process parameters used in IFW FE modelling and experimental trials. 504 
Table 2: Heat-affected Zone results from FE model and weld experiment sectioning 505 
Table 3: Thermo-mechanically affected zone results from FE model and weld experiment sectioning  506 
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Table 1: Process parameters used in IFW FE modelling and experimental trials. 507 
Weld 
No. 
Inertia value  
(kgm2) 
Initial rotation 
speed (rad/s) 
Pressure 
(MPa) 
Total Energy  
½Iω2 (kJ) 
Resulting 
Experimental 
Upset (mm) 
1 18.6 185 100 637 14.1 
2 18.6 185 80 637 13.1 
      
3 18.6 115 40 246 2.3 
4 18.6 105 40 205 1.6 
5 18.6 96 40 171 1.1 
 508 
Table 2: Heat-affected Zone results from FE model and weld experiment sectioning 509 
Weld 
No. 
FE predicted peak 
weld line 
temperature  
K    (°C) 
FE predicted 
HAZ width 
(per “band”) 
(mm) 
Experimentally 
measured HAZ 
width 
(mm) 
Rotational speed 
at max HAZ width  
(rad/s) 
% of energy used in 
flywheel at max. HAZ 
width 
1 1708  (1435) 2.4 2.05 65.5 87% 
2 1688  (1415) 2.7 2.22 76 83% 
      
3 1481  (1208) 1.8 2.51 43.5 79% 
4 1408  (1135) 1.4 2.49 33.5 90% 
5 1383  (1110) 1.0  2.32 30.25 93% 
 510 
Table 3: Thermo-mechanically affected zone results from FE model and weld experiment sectioning 511 
TMAZ width 
Weld 
No. 
FE predicted peak weld line 
plastic strain     
(-) 
FE predicted  
(mm) 
Experimental 
measured 
(mm) 
1 5.9 1.35 1.202 
2 5.6 1.35 1.091 
    
3 0.9 1.5 1.547 
4 0.52 1.0 1.306 
5 0.28 0.6 1.347 
 512 
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